Perilipin-2 (PLIN2) is a constitutively associated cytoplasmic lipid droplet coat protein that has been implicated in fatty liver formation in non-alcoholic fatty liver disease. Mice with or without whole-body deletion of perilipin-2 (Plin2-null) were fed either Western or control diets for 30 weeks. Perilipin-2 deletion prevents obesity and insulin resistance in Western diet-fed mice and dramatically reduces hepatic triglyceride and cholesterol levels in mice fed Western or control diets. Gene and protein expression studies reveal that PLIN2 deletion suppressed SREBP-1 and SREBP-2 target genes involved in de novo lipogenesis and cholesterol biosynthetic pathways in livers of mice on either diet. GC-MS lipidomics demonstrate that this reduction correlated with profound alterations in the hepatic lipidome with significant reductions in both desaturation and elongation of hepatic neutral lipid species. To examine the possibility that lipidomic actions of PLIN2 deletion contribute to suppression of SREBP activation, we isolated endoplasmic reticulum membrane fractions from long-term Western diet-fed wild type (WT) and Plin2-null mice. Lipidomic analyses reveal that endoplasmic reticulum membranes from Plin2-null mice are markedly enriched in -3 and -6 long-chain polyunsaturated fatty acids, which others have shown inhibit SREBP activation and de novo lipogenesis. Our results identify PLIN2 as a determinant of global changes in the hepatic lipidome and suggest the hypothesis that these actions contribute to SREBP-regulated de novo lipogenesis involved in non-alcoholic fatty liver disease.
Non-alcoholic fatty liver disease (NAFLD) 2 is a major public health concern and the most prevalent liver disorder in devel-oped nations (1) . NAFLD caused by obesity has been linked to insulin resistance, metabolic syndrome, and liver cancer (2) (3) (4) . NAFLD begins with subtle accumulation of neutral lipids in the liver, and if not reversed through dietary or lifestyle changes the condition can progress to non-alcoholic steatohepatitis and subsequent cirrhosis of the liver (5) . Therefore, reducing or preventing hepatic neutral lipid accumulation is an area of significant therapeutic interest (6) . Nonetheless, despite intense study over many decades, the specific mechanisms regulating hepatic lipid accumulation have remained confusing and elusive (7) .
Recently, the lipid droplet coat proteins perilipins (PLINs) have emerged as physiologic regulators of lipid accumulation in many tissues, including liver (8) . Thus far, five perilipin family members have been identified (PLIN1 through PLIN5), with family members exhibiting differential tissue expression under both physiologic and pathophysiologic states (9) . Perilipin-2 (PLIN2) is a constitutively associated cytoplasmic lipid droplet (CLD) coat protein that is expressed in many organs, including the liver. Under high fat diet-induced NAFLD, PLIN2 is the predominant lipid droplet coat protein in hepatocytes in humans and rodents (10, 11) . Therefore, PLIN2 has become a potentially valuable therapeutic target for the treatment or prevention of NAFLD development (12) .
We previously generated mice with whole-body knock-out of PLIN2 (Plin2-null) (13) . These animals are resistant to obesity, adipose tissue inflammation, and liver steatosis (NAFLD) when raised on a high fat diet. In this study, we sought to probe how loss of PLIN2 alters hepatic lipid accumulation and metabolism at the molecular level. Using Plin2-null mice on Western (WD) or control (CD) diets for 30 weeks, we show that loss of Plin2 prevents diet-induced steatosis largely by impairing activation of the SREBP-1 and SREBP-2 pathways through effects on membrane lipid composition. We also show that PLIN2 deletion impairs activation of SREBP-dependent lipogenic pathways in mice fed control diets low in fat, carbohydrate, and cholesterol. Although we had expected a reduction in total neu-tral lipid on WD, the alteration in the global hepatic lipidome was unexpected. The findings of this study further our understanding of the role of PLIN2 in diet-induced fatty liver formation and provide evidence of its function in coordinating content and composition of biologically active cellular lipids in the liver.
Results
Plin2-null Mice on Long-term Western Diet Are Protected from Obesity and Insulin Resistance-Wild type and Plin2-null mice were fed an obesity-promoting Western diet (WD), containing elevated levels of saturated fat, sucrose, and cholesterol, or a low fat CD, which had 75% less fat, 65% less sucrose, and no added cholesterol, ad libitum for 30 weeks. Consistent with previous studies of long-term high fat-fed mice (13) , we found that WD-fed Plin2-null mice are protected from marked obesity produced by WD feeding of WT mice. The effects of feeding WT or Plin2-null mice WD or CD on weight gain, body composition, energy intake, and serum glucose regulation are shown in Fig. 1 . Body weights of WD-fed WT mice doubled over 30 weeks, whereas body weights of CD-fed WT mice increased by 43% (Fig. 1A) , and body weights of Western and control diet-fed Plin2-null animals increased by 16 and 31%, respectively. The rate of weight gain of WD-fed WT mice was significantly greater than that of CD-fed WT mice or of Western or control diet-fed Plin2-null mice (p Ͻ 0.001, two-way ANOVA). In addition, the rate of weight gain of CD-fed WT mice was significantly greater than that of Plin2-null mice fed WD or CD (p Ͻ 0.05, two-way ANOVA). Increased weight gains in WD-fed WT mice corresponded to modestly elevated FIGURE 1. Plin2-null mice are protected from obesity and insulin resistance on Western diet. A, weight gain curves for WT and Plin2-null mice fed Western diet (WD) or control (CD) diets. B, average weekly energy consumption for WT and Plin2-null mice fed CD or WD for 30 weeks. a indicates significantly (p Ͻ 0.001, two-way ANOVA) increased average energy consumption by WD-fed WT mice compared with the other groups. C, body compositions of WT and Plin2-null mice fed WD or CD for 30 weeks. FM, fat mass; FFM, fat-free mass. a, indicates fat mass values are different from CD-fed WT mice (p Ͻ 0.05, two-way ANOVA); b, indicates fat mass values are different from CD-fed WT mice and CD-or WD-fed Plin2-null mice (p Ͻ 0.001, two-way ANOVA). D, glucose tolerance tests for WT and Plin2-null fed WD or CD at 30 weeks. Asterisks indicate significantly elevated serum glucose levels in WD-fed WT mice compared with the other groups, p Ͻ 0.05, two-way ANOVA. E, 18-h fasting serum free fatty acid (FFA) levels in WT and Plin2-null mice fed Western and control diets. Asterisks indicate significantly reduced serum FFA levels in Plin2-null mice, p Ͻ 0.05, Student's t test. NS, not statistically different.
energy intakes compared with the other groups (p Ͻ 0.001; one-way ANOVA). Differences in energy intake were not detected between WD-and CD-fed Plin2-null mice or between CD-fed WT mice and either WD-or CD-fed Plin2-null mice (Fig. 1B) . Quantitative magnetic imaging analyses of mice after 30 weeks on WD or CD showed that body weight differences among WT and Plin2-null animals reflected differences in fat mass quantities (Fig. 1C) . The average fat mass quantity of WDfed WT mice was more than twice that of CD-fed animals and 4 -5-fold greater than WD-and CD-fed Plin2-null mice, respectively (p Ͻ 0.001; two-way ANOVA). In addition, the average fat mass quantity of CD-fed WT mice was significantly greater than that of WD-or CD-fed Plin2-null mice (p Ͻ 0.05; two-way ANOVA). We did not detect significant differences in average fat-free (lean) mass quantities between WD-and CDfed WT and Plin2-null mice (Fig. 1C ).
WD-induced obesity is associated with glucose utilization abnormalities linked to insulin resistance (14) . To determine whether protection from obesity by PLIN2 deletion in WD-fed mice also confers protection against abnormalities in glucose utilization, we determined serum glucose responses to intraperitoneal (i.p.) glucose injection in WT and Plin2-null mice fed WD or CD ( Fig. 1D ). Serum glucose levels in WD-fed WT mice remain significantly elevated 90 min after i.p. glucose injection but return to normal by 30 min in CD-fed WT mice. Serum glucose curves in WD-or CD-fed Plin2-null mice were similar to that of CD-fed WT mice, which demonstrates that protective effects of Plin2 deletion on WD-induced obesity are associated with protection against impaired glucose utilization, possibly through improved insulin sensitivity. Consistent with this possibility, we found that fasting serum-free fatty acid (FFA) levels, a measure of insulin inhibition of adipose lipolysis (15, 16) , were 25% (p ϭ 0.0403) lower in WD-fed Plin2-null mice compared with WT mice fed this diet ( Fig. 1E ). Collectively, these results agree with previous conclusions that PLIN2-deletion protects against insulin resistance associated with diet or genetically induced obesity (13, 17, 18) . Interestingly, we also observed a 25% reduction (p ϭ 0.0056) in fasting serum FFA for Plin2-null mice fed the control diet. As such, the reduction in fasting FFA associated with loss of PLIN2 appears to be independent of diet or effects on obesity, although direct effects on adipose properties remain possible (19) .
Plin2-null Animals Are Resistant to Western Diet-induced Hepatic Steatosis-We next examined whether Plin2-null mice were protected from WD-induced hepatic steatosis. As expected, WD-fed WT livers show striking histologically detectable steatosis in all lobular zones characterized by a mixture of both micro-and macro-steatosis ( Fig. 2A) . In contrast, histologically detectable steatosis was not observed in livers of WD-fed Plin2-null mice or in livers of CD-fed WT or Plin2-null animals. Additionally, we detected an ϳ2-fold increase in relative liver weights of WD-fed WT mice compared with CD-fed WT mice or Western or control diet-fed Plin2-null mice (Fig.  2B ). To confirm the differences in lipid accumulation between WT and Plin2-null mice biochemically, we performed quantitative GC-MS of fatty acid methyl esters derived from neutral lipids in liver samples from WD and CD mice. In agreement with the histologic evidence, hepatic neutral lipid levels were greatly elevated in livers of WD-fed WT mice over those of WD Plin2-null animals or CD-fed WT or Plin2-null mice (p Ͻ 0.001, two-way ANOVA) ( Fig. 2C) . Similarly, the cholesterol content in the neutral lipid fraction of WD-fed WT mice was markedly elevated in WD-fed Plin2-null mice or in CD-fed WT or Plin2null mice (p Ͻ 0.001, two-way ANOVA) ( Fig. 2D) . Surprisingly, we also observed that total hepatic neutral lipid and cholesterol levels in livers of CD-fed WT mice were significantly elevated over those of CD-fed Plin2-null mice (p Ͻ 0.001) ( Fig. 2D ).
PLIN3 and PLIN5 Do Not Compensate for Loss of PLIN2 in WD and CD Livers-Because murine livers also express PLIN3 and PLIN5 (20, 21) , we were interested in determining whether loss of PLIN2 altered their expression. We first examined Plin2, Plin3, and Plin5 gene expression in both WT and Plin2-null mice fed WD or CD for 30 weeks. As established previously (13) , Plin2 gene expression is not detected in livers of Plin2-null mice ( Fig. 2E ). Interestingly, we found that Plin2 transcripts were up-regulated ϳ1.3-fold in WT mice fed WD, although this difference was not significant. Importantly, we did not observe up-regulation of Plin3 gene expression in Plin2-null mice on either diet, nor did we observe up-regulation of Plin3 in WT mice fed WD compared with CD. On WD, we observed significantly lower Plin3 gene expression in Plin2-null mice. Although Plin3 gene expression is trending down in Plin2-null mice on CD, this difference was not significant. We observed a similar pattern of Plin5 expression. Plin5 is slightly up-regulated in WT livers on WD compared with CD, but we did not observe a significant difference in Plin5 gene expression on control diet. To confirm the gene expression studies, we conducted immunohistochemical analysis of PLIN2, PLIN3, and PLIN5 in livers of WD or CD-fed WT and Plin2-null mice ( Fig.  2F ). Again, PLIN2 was not detected by immunofluorescence in liver sections of Plin2-null mice on either diet, further validating its deletion. In livers of WD-fed WT mice, strong PLIN2 staining was detected primarily on large CLD present in hepatocytes, whereas in livers of CD-fed WT mice PLIN2 was detected on small hepatocyte CLD and on CLD in stellate cells ( Fig. 2F ). We did not detect PLIN5 staining in livers of WD-fed WT mice. In livers of WD-and CD-fed WT mice, PLIN3 but not PLIN5, immunostaining was observed on CLD in stellate cells as indicated by arrows (Fig. 2F ). In livers of Plin2-null animals, PLIN3 and PLIN5 were detected on CLD in hepatocytes, and Plin3 was detected on CLD in stellate cells. These data demonstrate that both PLIN3 and PLIN5 are expressed by hepatocytes and localize to CLD in the absence of PLIN2. However, neither protein is capable of compensating for PLIN2 loss in mediating hepatocyte steatotic responses to WD feeding.
Loss of PLIN2 Suppresses de Novo Lipogenic Gene Expression in Liver in WD and CD-fed Mice-Because we observed improved glucose tolerance in Plin2-null mice on long-term WD, we suspected that induction of de novo lipogenic genes might be suppressed in Plin2-null mice. In the liver, insulin has been shown to induce SREBP1-c and activate lipogenic target gene expression. De novo lipogenesis is a major pathway in development of NAFLD both in humans and rodents fed longterm high fat, high carbohydrate diets. Additionally, reduction of hepatic Plin2 gene expression through the use of anti-Plin2 oligonucleotides in mouse models fed a long-term high fat diet has shown that de novo lipogenic gene expression is reduced (17) . Given the improved glucose tolerance and previous gene expression studies in Plin2 antisense oligonucleotide mice, we suspected that SREBP-1 target genes would be reduced in Plin2-null animals. We first determined relative transcript levels of the Srebp transcription factors themselves. In livers of WD-fed mice, we found that PLIN2 deletion resulted in a 65% reduction in Srebp-1a (p ϭ 0.0014), a 75% reduction in Srebp-1c (p ϭ 0.0005), and a 50% reduction in Srebp-2 (p ϭ 0.0048) mRNA ( Fig. 3A ). We then demonstrated drastic and statistically significant reductions in transcript levels of the entire suite of SREBP-1C target genes, including Scd1, Fasn, Acc1, Elovl5, Elovl6, Fads1, and Fads2. In most cases, PLIN2 deletion reduced SREBP-1c target gene mRNA levels by 80 -90% compared with WT mice (Fig. 3B ). Because Fasn and Acc1 are also targets of ChREBP, we determined the expression level of this transcription factor. We did not observe statistically significant differences in Chrebp mRNA levels in livers of WD-fed WT and Plin2-null mice (Fig. 3A ). In addition to suppression of SREBP-1 target gene expression, we also determined expression levels of SREBP-2 target genes. Srebp-2 has been shown to be the primary physiologic regulator of cholesterol biosynthesis (22) . Because we observed significant reduction of hepatic cholesterol in Plin2-null mice, we suspected that SREBP-2 might be altered as well. Gene expression of this transcription factor was reduced 50% in Plin2-null mice on WD compared with WT mice (Fig. 3A) . Additionally, we observed 80% reductions in the transcript levels of SREBP-2 target genes, Hmgcs1 and Ldlr, in Plin2-null mice (p Ͻ 0.001) ( Fig. 3B) (23) . Because FXR and LXR are involved in Srebp gene transcription, we determined their gene expression responses as well. We did not observe a statistically significant difference in Fxr or Lxr gene expression. A, H&E staining of WT and Plin2-null animals following 30 weeks of feeding Western (WD) and control (CD) diets. Location of portal triad (PT) and central vein (CV) regions are indicated. Scale bars, 50 m. B, liver weights at the time of harvest for WT and Plin2-null mice fed CD or WD for 30 weeks. C, hepatic neutral lipid-derived fatty acid methyl ester (FAME) concentrations in WT and Plin2-null mice after 30 weeks of feeding CD or WD. D, hepatic cholesterol content measured by GC-MS for WT and Plin2-null mice following 30 weeks of CD or WD feeding. E, relative RNA expression of Plin2, Plin3, and Plin5 in livers of WT and Plin2-null mice fed CD or WD for 30 weeks. *, p Ͻ 0.05. F, representative images of liver sections from WT and Plin2-null mice fed WD or CD for 30 weeks and immunostained for PLIN2, PLIN3, or PLIN5. Portal triad (PT) and central vein (CV) regions are indicated for PLIN2-immunostained sections. Stellate cells are indicated by arrows. Scale bars, 50 m.
Finally, we checked both PPAR␥ and PPAR␣ target gene expression. Ppar␥ itself is reduced 80% in Plin2-null mice on WD, and its target gene Cd36 is reduced 95%. Additionally, we observed Ppar␣ and Cpt1a to be down 50% in the Plin2-null. This was surprising but is similar to what has been observed with anti-Plin2 antisense oligonucleotide treatment (17) .
In light of the reduction in hepatic neutral lipids and cholesterol associated with Plin2 loss in CD-fed mice, we hypothesized that Srebp target genes would be also reduced in livers of CD-fed Plin2-null mice. Both Srebp-1a and Srebp-1c mRNAs are reduced in Plin2-null livers, with the reduction in Srebp-1c being highly significant (p Ͻ 0.001) ( Fig. 3E ). Srebp-2 mRNA is trending downward in Plin2-null livers on CD, but this difference was not significant. Chrebp, Fxr, Lxr, Ppar␣, Ppar␥, and Pgc1␣ were not statistically different between WT and Plin2null livers on control CD. Among the entire suite of SREBP-1 target genes, we observe trending decreases of all genes, including Scd1, Fasn, Acc1, Elovl5, Elovl6, Fads1, and Fads2 (Fig. 3F ). However, these decreases were not significant at the mRNA level. Among SREBP-2 targets, we observed a trending decrease for Ldlr but not for Hmgcs1. Interestingly, we did observe a significant 50% decrease in Cd36 mRNA. These data suggest that PLIN2 may contribute to the regulation of lipid metabolism genes even in the absence of obesity, when physiologic levels of lipid are present within the hepatocyte.
Protein Levels of Lipogenic Enzymes Are Significantly Reduced in Plin2-null Mice-Because Srebp-1 and Srebp-2 target proteins do not always correlate with mRNA expression, we performed extensive Western blotting analysis of SREBP target enzymes ( Fig. 3 , C and D). As expected, we observed remarkable decreases in SREBP-1 target protein quantities in liver extracts of WD-fed Plin2-null mice compared with levels in extracts of WT mice fed the WD. On WD, FASN levels were reduced in livers of Plin2-null mice by 75% (p ϭ 0.0016) compared with WT levels, and ElOVL6 protein levels were reduced by a similar amount (p ϭ 0.0019). Consistent with gene expression studies, we observed an astonishing 98% decrease (p ϭ 0.0054) in levels of SCD1 in liver extracts of Plin2-null mice, with this enzyme being barely detectable by Western blotting. In Plin2-null mice on WD, total ACC levels are reduced 90% (p ϭ 0.0003), whereas phospho/total ACC is increased by almost 1.5-fold (p ϭ 0.0019). Because we observed this increase in phospho/total ACC, we also examined phospho/total AMPK␣. Phospho/total AMPK␣ is increased by 70% in Plin2-null animals on WD (p ϭ 0.0495). In addition, we quantified ATP citrate lyase (ACLY) protein levels because it is also a validated SREBP-1 target and an important link between carbohydrate metabolism and lipid biosynthesis (24, 25) . Interestingly, we found total ACLY levels to be decreased 65% in Plin2-null mice on WD (p ϭ 0.0024), although the phospho/total ACLY levels were not significantly different between the two genotypes. Finally, we checked protein expression levels of HMGCS1, a well validated target protein of SREBP-2 (23), and observed a 38% decrease in this enzyme in Plin2-null animals on WD compared with WD-fed WT mice (p ϭ 0.0254).
Because we found such great differences in SREBP target gene expression on WD, we also checked both SREBP-1 and SREBP-2 target proteins via Western blotting for CD-fed animals ( Fig. 3 , G and H). As noted, we observed downward trends for most of these target genes, but the decreases were significant only for Srebp-1C itself and Cd36. To our surprise, protein levels of most SREBP-1 target proteins were significantly reduced in liver extracts of CD-fed Plin2-null mice compared with CD-fed WT mice. FASN was found to be reduced 50% (p ϭ 0.0034), and SCD1 was decreased 75% (p ϭ 0.0436). Although gene expression predicted we might observe a decrease in ELOVL6, this was not the case as there was no difference in the levels of this enzyme between the genotypes. A 65% reduction of total ACC was observed in Plin2-null animals on CD (p ϭ 0.0425), whereas no difference was observed between the genotypes for phospho/total ACC. Accordingly, we did not observe any statistical difference in phospho/total AMPK␣ on this diet. Interestingly, we also observed a 50% reduction in total ACLY for Plin2-null on CD (p ϭ 0.0369) as well as a slight decrease in phospho/total Acly (p ϭ 0.0499) for animals lacking PLIN2. As expected, based on Srebp-2 gene expression on CD, we did not observe any difference in levels of HMGCS1 on this diet.
Loss of PLIN2 Results in Altered Hepatic Neutral Lipid Profiles in Plin2-null Mice Consistent with Reduction in SREBP
Activity-Because we observed significant changes in SREBP-1 and SREBP-2 target gene and protein expression, we suspected that loss of PLIN2 was preventing induction of de novo lipogenesis in Plin2-null mice on long-term WD as well as the CD. To better define the effects of PLIN2 deletion on this process at the physiologic level, we quantified lipid species in livers of WT and Plin2-null mice fed WD or CD for 30 weeks. Using a GC-MS lipidomics approach, we found that Plin2-null animals experience less desaturation and elongation of neutral lipid species on both diets. We first looked for evidence of steroyl-CoA desaturase 1 (SCD1) activity in neutral lipid profiles. We noticed a marked decrease in palmitoleic acid (C16:1) as a percentage of total neutral lipid in Plin2-null mice on both diets, with this particular species being reduced 31% on WD and 45% on CD compared with WT animals (Fig. 4A ). Palmitoleic acid is one of the major products of SCD1 (and SCD2) activity and, like oleic acid, is formed by introducing n-9 desaturation in palmitic acid (C16:0) and stearic acid (C18:0) (26). SCD1 is the primary SCD isoform in the liver, with SCD2 expression reported as being extremely low (27) . Because very little palmitoleic acid is found in either the WD or the CD (supplemental Table S1 ), we used the ratio of C16:1 to C16:0 as a measure for SCD1 activity. Differences in this ratio were particularly evident in the GC-MS chromatograms (Fig. 4B ). WT animals on WD exhibit almost a 1:1 ratio of palmitoleic/palmitic acid in neutral lipids, whereas this ratio is close to 1:3 for Plin2-null animals on the same diet. We observed similar ratios for animals on CD (data not shown). We also calculated the ␦-9 desaturation index for WT and Plin2-null animals on both diets (Fig. 4D ). On WD, WT animals exhibit an index score of ϳ0.7, whereas Plin2-null mice have an index score of 0.4 (p ϭ 0.0003), indicating significantly less n-9 desaturase activity in knock-out animals. Likewise WT animals on the CD had a ␦-9 desaturation score of 0.5, whereas the score for Plin2-null animals was 0.3 (p ϭ 0.0017). Not unexpectedly, we noticed that ␦-9 desaturation increased for both genotypes on WD compared with CD, indicating a dietary difference in SCD1 induction regardless of genotype. Furthermore, we calculated total unsaturated/saturated ratios for both WT and Plin2-null mice on each diet for hepatic neutral lipids. On WD, this ratio was found to be ϳ3.25 for WT and ϳ2.5 for Plin2-null (p Ͻ 0.0001), indicating more overall lipid desaturation in WT animals. Similarly, for CD-fed mice, the unsaturated/saturated species ratio was 2.75 for WT mice and 2.1 for Plin2-null animals (p ϭ 0.0363), indicating the same trend for decreased desaturation in Plin2-null animals even on CD. Importantly, using this analytical approach, we observe a consistent reduction in ␦-9 desaturase activity in Plin2-null animals on both diets, which is consistent with data from gene and protein analysis ( Fig. 4D ).
We also expected decreased elongase activity in Plin2-null animals on WD, given gene expression and Western blotting data. First, we looked at levels of short chain fatty acids (SCFAs) in neutral lipids of WT and Plin2-null mice on both diets. Because milk fat is the lipid source for both diets, the WD and the CD contain significant amounts of SCFAs (supplemental Table S1 ). Because hepatic FASN is elevated in livers of WT mice compared with Plin2-null mice on both Western and control diets, we expected that levels of SCFA would be reduced in WT livers due to increased FASN-dependent elongation activity. Accordingly, we observed decreases in C6:0 through C12:0 species as a percent of total neutral lipids in livers of WT mice compared with levels in livers of Plin2-null animals on both diets, with increases in both C6:0 and C8:0 being statistically significant ( Fig. 4C and supplemental Tables S3 and S4 ).
ELOVL6 is the enzyme responsible for elongating fatty acids containing 12, 14, and 16 carbons, and this important SREBP-1 target has been shown to be a crucial element in development of dietary insulin resistance and development of NAFLD (28 -31) .
To look for evidence of altered ELOVL6 activity in the neutral lipid profile, we first examined levels of vaccenic acid (C18:1 n-7). This product results from elongation of palmitoleic acid (C16:1 n-7) and is closely related to oleic acid (C18:1 n-9). Consistent with markedly reduced ELOVL6 expression in livers of WD-fed Plin2-null mice, we found that vaccenic acid levels in their neutral lipid fraction were significantly lower than those from WT mice (p Ͻ 0.01). This increase in vaccenic acid was prominent in the GC-MS chromatograms for WD animals (Fig.  4B, right panel) . The ratio of oleic acid to vaccenic acid is 1:0.75 in WT animals, whereas this ratio is roughly 1:0.2 in Plin2-null animals on WD, which is consistent with greater hepatic elongase activity in WT compared with Plin2-null animals on WD. Importantly, we observed similar decreases of vaccenic acid as a percentage of total neutral lipids in Plin2-null compared with WT animals fed the CD. Vaccenic acid is reduced 39% in Plin2null animals on CD (Fig. 4A ). Although we observed trending reduced ELOVL6 gene expression in Plin2-null livers on CD, we were not able to detect a statistically significant difference at the protein level. ELOVL5 has also been shown to produce vac- The left panel shows the peaks for palmitoleic acid (C16:1) at 9.16 min retention and palmitic acid (C16:0) at 9.28 min. The ratio of C16:1 to C16:0 is greatly reduced in the Plin2-null profile indicating less SCD1 activity. The right panel shows the peaks for oleic acid (C18:1 n-9) at 10.58 min of retention compared with vaccenic acid (C18:1 n-7) at 10.62 min. The ratio of neutral lipid-derived oleic to vaccenic acids is greatly increased in Plin2-null mice, signifying less elongation. C, percent change compared with WT of neutral lipid-derived SCFAs in Plin2-null mice on both WD and CD. WT is set at zero. D panels show ratio of neutral lipid-derived unsaturated to saturated fatty acids; ␦-9 desaturation indices; ratio of PUFA to MUFA; and PUFA as a percentage of total neutral lipid in the neutral lipid fraction from livers of WT and Plin2-null mice fed WD or CD for 30 weeks. *, p Ͻ 0.05. NOVEMBER 11, 2016 • VOLUME 291 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 24237 cenic acid from palmitoleic acid in hepatocytes (32, 33) , so it is possible that this enzyme is significantly reduced in Plin2-null animals on CD. We observed striking decreases in Elovl5 gene expression for knock-out animals on WD. Finally, we also quantified levels of C20:1 n-9 and C20:1 n-7 as markers for altered elongase activity. C20:1 n-9 represents simple elongation of oleic acid, whereas C20:1 n-7 represents elongation by two carbons of vaccenic acid. As expected, we observed significantly reduced levels of these species in Plin2-null livers on both diets ( Fig. 4A and supplemental Tables S3 and S4 ). On WD, C20:1 n-9 is reduced by 75% in knock-out animals compared with WT, but it is decreased by 54% on CD. Similarly, C20:1 n-7 is reduced by 73% in Plin2-null mice on WD with a decrease of 43% on CD. Given this analysis, we observed significant reduction in elongase activity in Plin2-null mice on both diets consistent with gene and protein expression of SREBP target genes.
Loss of Perilipin-2 Alters Hepatic SREBP Activity
Interestingly, we observed extremely significant increases in long chain polyunsaturated fatty acids (LC-PUFA) as a percentage of total neutral lipid in Plin2-null animals on WD. As a percentage of total lipid on WD, PUFAs account for ϳ7% of total neutral lipid in Plin2-null mice, whereas these species account for 4.9% of total neutral lipid in WT mice (p ϭ 0.001) ( Fig. 4D) . At the individual lipid species level, we observed increases in neutral lipid-derived linoleic acid (44% increase), arachidonic acid (224% increase), 8,11,14-eicosatrienoic acid (20% increase), eicosapentaenoic acid (283% increase), docosahexaenoic acid (230% increase), and docosapentaenoic acid (95% increase) ( Fig. 4A and supplemental Table S2 ). Additionally, the polyunsaturated/monounsaturated (PUFA/MUFA) ratio in Plin2-null mice on WD is 0.11, whereas this ratio is 0.07 in WT mice (p ϭ 0.0004) (Fig. 4D ). This is counter to what we had expected from gene expression and protein analysis. Plin2null animals exhibit statistically significant reduction of Fads1 and Fads2 mRNA levels (Fig. 3B ), and they also showed decreased Elovl2 and Elovl3 gene expression (data not shown). FADS1, FADS2, ELOVL2, and ELOVL3 are important enzymes for synthesizing very long chain PUFA from linolenic and linoleic acid (30, 34, 35) . On CD, we observed a slight trending increase in PUFA/MUFA for Plin2-null mice, but we did not observe a statistically significant increase in PUFA as a percentage of total lipid (Fig. 4D) . However, at the individual species level, we did observe significant increases in neutral lipid-derived arachidonic acid (128% increase), 8,11,14-eicosatrienoic acid (42% increase), and docosahexanoic acid (92% increase) ( Fig. 4A) . Therefore, the loss of PLIN2 drastically alters the neutral lipid-derived LC-PUFA profile on WD and to a lesser extent on CD at the individual species level.
Loss of PLIN2 Alters ER Membrane Lipid Composition and Likely Suppresses SREBP-1 and SREBP-2 by This Mechanism-
Because we observed evidence of decreased SREBP-1 and SREBP-2 activity in Plin2-null mice on both diets at the gene expression, protein, and neutral lipid profile levels, we reasoned that PLIN2 deletion may lead to altered membrane lipid properties known to regulate SREBP activation (36, 37) . To test this hypothesis, we determined the lipid composition in isolated microsomal membrane fractions from livers of WD-fed WT and Plin2-null mice. We confirmed the purity of microsome preparation by assessing both whole tissue and microsomal proteins in quantitative Western blotting assays. Almost no PEX3 protein was observed in isolated microsomes, indicating that our fractions did not contain significant peroxisomal contamination ( Fig. 5A ). We similarly observed negligible VDAC and LAMP1 proteins (markers for mitochondria and lysosomes, respectively) in isolated microsomal membrane fractions. Importantly, there was negligible Plin2 protein in microsomal fractions, indicating that lipid droplet-derived phospholipids would not interfere with microsomal membrane phospholipid analysis. We observed a slight enrichment of GRP78 (BiP), a well known ER chaperone in our microsomes compared with whole tissue. The limited extent of enrichment of this ER chaperone is likely because it is a soluble species, which is probably lost due breakage of the microsomes during their isolation. However, it is possible that some of the microsomal membrane GRP78 was associated with proteins by virtue of their translation at the ER membrane. Similarly, we observed only a very slight enrichment of ApoB48 and ApoB100 in our microsomal membrane fractions. Murine livers secrete VLDL with both ApoB isoforms (38) . Similar to BiP, it is likely that most of the soluble ApoB48/100 (in the form of VLDL) was lost upon rupture of the microsomes during centrifugation. In contrast, protein levels of the ER membrane enzyme SCD1 exhibited a substantial (ϳ70-fold) enrichment (Fig. 5A ) in our microsomal membrane fractions. Based on these data, we concluded that our isolated microsomal membranes were highly enriched and predominantly composed of ER membranes rather than luminal ER contents.
The microsomal membrane proteins derived from WT and Plin2-null mice were then compared. As with the WT microsomes, we observed no significant contamination of peroxisomes, lysosomes, or mitochondria in Plin2-null microsomal membrane fractions (Fig. 5B) . We also observed similar levels of GRP78 in microsome membranes from the two genotypes. However, we observed significantly more SCD1 in microsomal membranes from WT mice on long-term WD compared with Plin2-null mice. To assess membrane lipid composition, we performed GC-MS lipidomics on isolated microsomal membranes. We did not observe any difference in total membrane lipids per mg of protein. We first suspected we might observe increased ER membrane cholesterol in Plin2-null mice because loss of PLIN2 might direct more of this lipid species into cellular membranes. Increased cholesterol could explain SREBP suppression, as this has been shown to be a classic regulation mechanism of the SREBP family (24, 39) . However, we observed no difference in the cholesterol/phospholipid ratio between the two genotypes, thus obviating the simple explanation that increased cholesterol might lead to SREBP suppression (Fig.  5D ). We then looked at relative lipid species contained in the microsomal membrane phospholipids (PL). To our surprise, we observed striking alterations in ER membrane's PL composition in microsomes isolated from Plin2-null mice compared with WT ( Fig. 5C and supplemental Table S5 ), with LC-PUFAs being significantly increased in the Plin2-null membranes. The PL profile of Plin2-null ER membranes is very different from that of the neutral lipid pool with substantial increases in PUFA observed. Compared with WT species as a percentage of total lipid, we found significant increases in linolenic acid (55% increase), linoleic acid (68% increase), conjugated linoleic acid (28% increase), arachidonic acid (12% increase), 8,11,14eicosaenoic acid (24% increase), docosahexaenoic acid (38% increase), and docosapentaenoic acid (47% increase) in microsomal membranes from Plin2-null mice. Additionally, we observe a slight but statistically significant (p ϭ 0.0413) increase in the unsaturated/saturated lipid species in Plin2-null microsomal membranes compared with WT mice (Fig. 5D) . Importantly, we observed significant increases in PUFA/MUFA as well as PUFA as a percent of total phospholipid in Plin2-null microsomal membranes relative to membranes from WT mice (Fig. 5D ). Because we observe striking changes in ER membrane PUFA in Plin2-null mice, we hypothesize that this is partly responsible for SREBP suppression in these animals. Abundant data from multiple laboratories have shown that increased PUFA content inhibits SREBP induction both at the membrane level by preventing proteolytic processing of SREBP as well transcription of the SREBP family by inhibiting binding of the LXR/retinoic X receptor dimer to the SREBP promoter (26, 36, 40 -43) .
Loss of PLIN2 Prevents Diet-induced ER Stress-Increased hepatic ER stress has been observed in mice with diet-induced and genetic predisposition to obesity (44, 45) . Because we observed changes in ER membrane lipid composition, we were interested in whether we might observe differences in ER stress activation between the two genotypes. Increases in saturation of ER membrane lipids, such as those observed in our WT animals on WD, have been shown to cause an ER stress response that can induce XBP1 and further enhance lipogenesis (46 -48). liver extracts and isolated microsomal fractions containing 37.5 g of protein from WD-fed WT mice. Antibodies to markers of peroxisomes (PEX3), mitochondria (VDAC), lysosomes (LAMP1), cytoplasmic lipid droplet (PLIN2), endoplasmic reticulum lumen (BiP/Grp78), membrane (SCD1), and VLDL vesicles (ApoB48/ApoB100) were used to estimate microsomal membrane enrichment and contamination by other cellular fractions. B, comparison of microsomal membrane preparations from WD-fed WT and Plin2-null mice. Representative protein (left panel) and immunoblot staining profiles (right panel) for 37.5 g of protein from microsomal membrane fractions isolated from livers of WD-fed WT and Plin2-null mice. Immunoblots show staining profiles for PEX3, VDAC, LAMP1, GRP78, and SCD1. C, percent change of microsomal membrane phospholipid species and cholesterol of Plin2-null mice compared with WT. WT is set at zero. Asterisks indicate values that are significantly different from those of WT mice (p Ͻ 0.01, two-way ANOVA). D, panels show cholesterol to phospholipid ratio; ratio of unsaturated fatty to saturated fatty acids; ratio of PUFA to MUFA fatty acids; and polyunsaturated fatty acids as a percent of total phospholipid species in microsomal fractions from livers of WD-fed WT and Plin2-null mice. Asterisks indicate values that are significant different from those of WT mice (p Ͻ 0.05, two-way ANOVA).
Furthermore, changes in membrane lipid saturation have been shown to influence IRE1 and PERK activities via effects on their transmembrane domains (46) , with increased membrane saturation inducing an ER stress response independent of their luminal stress-sensing domains. Because we demonstrated significant increases in PUFA as well as an overall increase in the unsaturated/saturated ratio in Plin2-null ER membrane lipids, we hypothesized that we might observe evidence of reduced ER stress in Plin2-null animals compared with WT. We tested this hypothesis by first quantifying transcript levels of ER stress markers Grp78, Atf4, Chop, total Xbp1, unspliced Xbp1 (uXbp1), spliced Xbp1 (sXbp1), and spliced/unspliced Xbp1 (s/u Xbp1) for WT and Plin2-null animals on WD and CD (Fig.  6A ). We did not observe statistically significant differences in Grp78 or Atf4 transcript levels. However, consistent with induction of ER stress in WD-fed WT mice, we found a significant increase in Chop mRNA compared with CD-fed mice (p ϭ 0.0481). Chop mRNA levels in Plin2-null animals on WD were significantly lower those in WD-fed WT mice (p ϭ 0.0165), indicating reduced ER stress in these animals. WD-fed WT animals also exhibited a trending increase in total Xbp1 and spliced Xbp1 compared with their CD-fed counterparts and to WD-or CD-fed Plin2-null mice, but this did not reach significance. Additionally, the spliced/unspliced Xbp1 ratio was trending higher in WT animals on WD compared with Plin2-null animals on WD.
To further validate differences in ER stress responses between WT and Plin2-null mice, we performed Western blotting analysis of ER stress proteins GRP78, phosphorylated PERK (P-PERK), total PERK (T-PERK), phosphorylated EIf2a (P-EIF2a), total eIf2a (T-EIF2a), ATF4, CHOP, uncleaved ATF6, and XBP1 (spliced and unspliced) in WT and Plin2-null animals on Western and control diets (Fig. 6, B-F) . We did not detect significant differences in GRP78 levels between WDand CD-fed WT or between WD-fed WT or Plin2-null mice. However, Plin2-null animals on CD had slightly elevated GRP78 compared with WT animals on CD (p ϭ 0.0472). In contrast, we found significant, 60%, reductions in the levels of total (p ϭ 0.0009) and P-PERK (p ϭ 0.0113) in WD-fed Plin2null animals compared with WD-fed WT animals. Interestingly, we also found that T-PERK levels were reduced by 50% (p ϭ 0.0418) in Plin2-null compared with WT animals fed the control diet, but we did not detect significant differences in P-PERK levels between WT and Plin2-null mice on this diet. Overall, the P-PERK to T-PERK ratio for WT animals did not differ from that of Plin2-null mice on the WD and was marginally (but not statistically) elevated over WT mice on the CD. Consistent with increased PERK levels in WD-fed WT mice, phospho-eIf2a (the product of PERK activity) was elevated 2.5fold (p ϭ 0.0021) over that of CD-fed WT mice and WD-fed Plin2-null animals (p ϭ 0.0065). Total EIF2a levels were not affected by diet or PLIN2 deletion (Fig. 6D) , which resulted in a selective increase in the P-EIF2a/T-EIF2a in WD-fed WT mice compared with WD-fed Plin2-null mice (p ϭ 0.0491) (Fig. 6F) . Additionally, we observed a 2-fold increase in the P/T-EIF2a ratio in WD-fed WT mice compared with CD-fed WT mice (p ϭ 0.01). We did not detect differences in the effects of PLIN2-deletion or diet on ATF4, whose levels are regulated by EIF2a activity. However, we did find a striking 17-fold increase in the levels of CHOP, a target of ATF4 activity, in WD-fed WT mice compared with Plin2-null animals on the same diet (p ϭ 0.0081) and a 30-fold increase (p ϭ 0.0071) compared with WT animals on control diet. We also found that in livers of WD-fed Plin2-null mice that CHOP levels were approximately twice that of those fed the control diet (p ϭ 0.0284). Collectively, these data are consistent with PLIN2 deletion interfering with activation of the PERK ER stress pathway caused by WD feeding.
Next, because we observed differences in the PERK-CHOP pathway, we sought to probe whether changes in the IRE1-XBP1 and ATF6 pathways would also be observed. At the protein level, we nevertheless observed a statistically significant increase in spliced XBP1 (sXBP1) in WD-fed WT mice compared with WT mice fed CD (p ϭ 0.0219) ( Fig. 6, B, C and E) . Importantly, we also observed a 2-fold increase in sXBP1 in WD-fed WT mice compared with WD-fed Plin2-null mice (p ϭ 0.0218) (Fig. 6E ). For unspliced XBP1 (uXBP1), there was a 2-fold increase in WT animals fed WD compared with Plin2null animals fed that diet (p Ͻ 0.0001). Plin2-null animals on CD experience a marginal increase in uXBP1 compared with Plin2-null animals on WD (p ϭ 0.0411). Interestingly, we observed differences in total XBP1 (T-XBP1) between the two genotypes, with T-XBP1 increased 2-fold in WT mice fed WD compared with Plin2-null animals fed WD (p ϭ 0.0044). WT mice on WD also experience a slight but significant increase in T-XBP1 compared with WT mice on CD (p ϭ 0.0273). Because of total XBP1 being different between the genotypes, there was no difference in the spliced/unspliced XBP1 ratio (s/u XBP1) on WD (Fig. 6F ). However, there was a 1.7-fold increase in the s/u XBP1 ratio in WD-fed WT mice compared with CD-fed WT mice (p ϭ 0.0276). In summary, we show definitive changes in the PERK-CHOP and XBP1 ER stress pathways, with loss of PLIN2 preventing activation of these pathways on WD by an unconventional mechanism, reduced levels of total PERK and reduced total XBP1.
We were unable to definitively establish effects of diet or PLIN2 deletion on ATF6 activation, because our antibodies only detected its uncleaved form. However, we found a 40% reduction in the inactive uncleaved form of ATF6 (p Ͻ 0.0001) in livers of WD-fed compared with CD-fed WT animals. In addition, we found a 60% reduction in uncleaved ATF6 in WD compared with CD-fed Plin2-null mice (Fig. 6, B-D) . Although these data suggest that the ATF6 pathway may be activated for both genotypes on WD compared with CD, additional work is needed to define the specific effects of diet and PLIN2 deletion on ATF6 activation.
Discussion
Despite intense study, the specific molecular mechanisms of how PLIN2 regulates hepatic lipid accumulation under both physiologic as well as pathophysiologic conditions have remained elusive. Previous studies using antisense oligonucleotides targeting PLIN2 in ob/ob mice and in mice fed high fat diets suggested that SREBP target genes might be altered upon loss of PLIN2 (11, 12, 17) . In this study, we show that both SREBP-1 and SREBP-2 target genes do indeed experience extreme alterations with loss of PLIN2. These changes are evident at the gene transcript level, protein levels of the SREBP target enzymes themselves, and in the hepatic neutral lipid profiles of Plin2-null mice. Although we expected reductions in total neutral lipids in Plin2-null animals, we had not anticipated the global alterations in neutral lipid profiles. Similarly, the observation that loss of PLIN2 leads to a reduction in hepatic neutral lipid levels and profiles even on control diet was unex-pected. The change in neutral lipid profiles in the Plin2-null animals on both diets is most likely due to the observed changes in SREBP-1 gene and protein expression. In addition to documenting these changes in SREBP target expression, we also sought to probe the mechanisms by which SREBPs are altered in these mice. Our data suggest that alterations in ER membrane LC-PUFA content are largely responsible for SREBP suppression in Plin2-null mice. Previous studies examining the loss FIGURE 6. Loss of PLIN2 protects mice from WD-induced ER stress. A, gene expression analysis of ER stress markers Grp78, Atf4, Chop, total Xbp1, uXbp1, sXbp1, and the ratio of spliced/unspliced Xbp1 (s/u Xbp1) for WT and Plin2-null mice on Western and control diets. Asterisks indicate significant changes (p Ͻ 0.05, Student's t test) . B, Western blotting analyses of GRP78, phospho-PERK, total PERK, phospho-EIF2a, total EIF2a, ATF4, CHOP, and uncleaved (full-length) ATF6 for WT and Plin2-null mice on WD. C, Western blotting analyses of GRP78, phospho-PERK, total PERK, phospho-EIF2a, total EIF2a, ATF4, CHOP, and uncleaved (full-length) ATF6 for WT and Plin2-null mice on control diet. The 1st lane contains a representative WT animal on WD. D, quantification of GRP78, phospho-PERK, total PERK, phospho-EIF2a, total EIF2a, ATF4, and CHOP protein in WT and Plin2-null animals on Western and control diets. Asterisks indicate significant differences (p Ͻ 0.05). E, quantification of ATF6 (full-length), spliced XBP1 (sXBP1), unspliced XBP1 (uXBP1), and total XBP1 (T-XBP1) protein in WT and Plin2-null animals on Western and control diets. Asterisks indicate significant differences (p Ͻ 0.05). F, normalized ratios of phospho/total PERK (P/T-PERK), phospho/total EIF2a (P/T-EIF2a), and spliced/unspliced XBP1 (s/u XBP1) in WT and Plin2-null animals on Western and control diets. WT animals on WD are set to 1. Asterisks indicate significant differences (p Ͻ 0.05). NOVEMBER 11, 2016 • VOLUME 291 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 24241 of PLIN2 in relation to NAFLD development have largely ignored the effects on animals fed control diets. Although it was shown that whole-body knock-out of Plin2 by targeting exons 2/3 led to a reduction in hepatic TG even on a chow diet (49) , changes in the neutral lipid profile were not observed in this model. This could possibly be due to incomplete knock-out of the PLIN2 protein (50) and/or differences in dietary sucrose. Additionally, the majority of studies examining the effect on hepatic TG accumulation with the loss of Plin2 have been performed in the context of leptin deficiency (11, 18) and high fat diet-only feeding studies (12, 17) . Thus, complete characterization of the gene, protein, and lipid profile changes on control diet represents a novel area of study with regard to the role of PLIN2 in normal hepatic lipid metabolism.
Loss of Perilipin-2 Alters Hepatic SREBP Activity
Effects of Insulin Activity on SREBP Regulation-Insulin has been shown to exert effects on transcription and activation of SREBP-1c (12, 51) . Indeed, we observed impaired glucose tolerance for WT mice on WD. Therefore, it is likely that the hyperinsulinemia and insulin resistance in WT mice on WD is partly responsible for the drastic difference in SREBP target gene expression between our two genotypes on this diet. This is consistent with previous work showing that reduction of PLIN2 by the use of antisense oligonucleotides improves liver insulin sensitivity, insulin resistance, and reduction of SREBP-1 target genes (17) . Importantly, however, we also observe suppression of SREBP-1 target genes even on control diet. On this diet, we did not observe differences in glucose tolerance despite a reduction in SREBP targets at the mRNA, protein, and lipid profile levels. It is therefore unlikely that impaired insulin activity accounts for SREBP suppression in Plin2-null mice on the control diet. Moreover, it has also been shown that increased activation of AMPK can directly phosphorylate and inhibit SREBP (52) . Indeed, we observe increased phospho/total AMPK␣ in Plin2-null mice on WD. So, on this particular diet, increased AMPK␣ activity likely explains some of the suppression of SREBP activity in knock-out mice. Again, however, we did not observe differences in AMPK␣ activation between our two genotypes on the CD.
Contributions of LC-PUFA in SREBP Regulation-It has been hypothesized that altered ER membrane phospholipid composition and increases in LC-PUFA can regulate SREBP family members both at the ER membrane level as well as transcription of the SREBP family members themselves (26, 40, 41, 53) . Because we observe alterations in LC-PUFAs in the neutral lipid fractions on both WD and CD, we hypothesize that altered ER membrane PUFA content is regulating SREBP activity in Plin2-null animals. Accordingly, we demonstrated drastic increases in PUFA content in microsomal membrane fractions of Plin2-null mice on WD compared with WT mice. We also observe significantly decreased SREBP-1 and SREBP-2 mRNA expression. Membrane-derived PUFA can be transported to the nucleus where they interfere with LXR/RXR dimer binding to the promoter region of the SREBP transcription factors (42) . PUFAs have also been shown to inhibit maturation of SREBP at the ER membrane level (36, 37) . Specifically, it has been shown that arachidonic acid inhibits proteasomal degradation of INSIG-1 by leading to membrane retention of the ubiquitinated protein. Retention of INSIG-1 in the ER membrane enhances sterol-mediated activation of SREBP and subsequent translocation of these transcription factors to the Golgi apparatus. -3 PUFAs have also been shown to exert effects on transcription of SREBP via activation of FXR (54) . -3 FFAs can activate FXR, which leads to induction of SHP (a well known inhibitor of LXR-mediated transcription of the SREBP family), although we did not observe changes in the levels of LXR itself. Importantly, docosahexaenoic acid (DHA) specifically has been shown to suppress de novo lipogenesis, inhibit PUFA biosynthesis, decrease both SREBP-1 and ChREBP nuclear abundance, and decrease AKT phosphorylation (53) . Additionally, DHA has been shown to accelerate the rate of SREBP-1 degradation via an ERK and 26S proteasome-mediated mechanism (55) . Finally, it has been suggested that changes in membrane saturation can activate the unfolded protein response (UPR) and contribute to ER stress (46) . Activation of the UPR can enhance lipogenesis by increasing levels of XBP1, which has been shown to be an important component regulating phospholipid biosynthesis and ER remodeling (47, 48) . It is possible that the increased microsomal PUFA content in Plin2-null mice suppresses the ER stress response and abrogates induction of lipogenic pathways. Because we observed increased PUFAs, including -3 species, in Plin2-null animals, it is likely that SREBP is being inhibited through these species.
Further study is needed to elucidate the cause for the increased LC-PUFA in Plin2-null animals. One possibility is that Plin2-null animals could be synthesizing more LC-PUFA such as arachidonic acid and/or DHA compared with WT animals. However, because Fads1, Fads2, Elovl2 (data not shown), and Elovl3 (data not shown) mRNA expressions are all decreased in Plin2-null animals compared with WT on both diets, it is unlikely that loss of PLIN2 leads to increased hepatic synthesis of LC-PUFA from linoleic or linolenic acid. It has also been demonstrated that a high fat diet can increase reactive oxygen species (ROS) production in rodents (56, 57) . PUFAs are extremely sensitive to oxidative damage, with each additional double bond increasing the probability of destruction exponentially (56) . It is possible that Plin2-null animals experience reduced mitochondrial ROS production compared with their WT counterparts. We observed reduced Pgc1a and Cpt1a expression in Plin2-null mice, so it is possible they could be experiencing less ␤-oxidation with a concomitant reduction in ROS. It is also possible that Plin2-null animals are producing less oxidized eicosanoids compared with WT mice. For example, Plin2-null animals might be producing less pro-inflammatory eicosanoids such as hydroxyeicosatetraenoic acids thereby leading to an accumulation of LC-PUFA species that would otherwise be used for this purpose.
We also considered the possibility that the increased LC-PUFA in Plin2-null mice could be due to increased lipolysis in the adipose tissue and/or enhanced delivery of adipose-derived PUFA to the liver. However, fasting serum FFA concentrations are significantly reduced in Plin2-null mice on WD. This is likely due to increased insulin sensitivity on this diet, and it suggests that lack of whole-body PLIN2 might actually decrease adipose lipolytic activity. Indeed, we observed a similar magnitude reduction of fasting FFA in Plin2-null animals even on a standard chow diet (data not shown). It is also unlikely that livers of Plin2-null mice exhibit increased PUFA uptake. We observe a significant and substantial reduction in hepatic Cd36 (FAT) mRNA expression in livers of Plin2-null mice on both diets, suggesting that enhanced delivery of periphery-derived LC-PUFA to the livers of these animals is unlikely. However, loss of Plin2 in adipose tissue could be altering the lipid profile in that tissue (and hence the profile of the exported FFAs to other organs), and we plan to explore this possibility in future studies. Differences in VLDL secretion rates might also explain differences in microsomal membrane PUFA content. Animals treated with anti-Plin2 antisense oligonucleotides show reduced rates of VLDL secretion (17) , which may lead to an accumulation of PUFA that would otherwise be exported as part of VLDL phospholipids in WT animals. Finally, more work is needed to elucidate whether the enrichment in phospholipid PUFA is limited to certain species of phospholipid or whether it is an effect across all PL species. We are currently undertaking a liquid chromatography mass spectrometry (LC-MS) approach to help clarify this.
Effects of ER Membrane Lipid Saturation on ER Stress-It has been shown previously that ER membrane lipid saturation is an important determinant of ER stress (58 -60) . Studies have suggested that the mechanism by which membrane lipids activate the stress response might be independent of the traditional GRP78-mediated unfolded protein-sensing mechanism (46), and it may involve lipid-sensing transmembrane domains of PERK and IRE1. Here, we show that loss of PLIN2 protects mice from development of WD-induced ER stress activation. The effects of Plin2 loss on ER stress are associated with altered PUFA content of ER membranes and appear to be independent of effects on GRP-78. Interestingly, our data suggest Plin2 loss reduces ER stress responses by reducing total PERK and XBP1 levels, without altering their relative activities. The cause for reduced PERK and XBP1 levels in WD-fed Plin2-null mice is unknown and warrants further investigation. It has been shown that UPR activation alone can up-regulate key ER stress-sensing components such as Ire1, Perk, Atf4, and ATF6 (61). Thus, it is possible that WT and Plin2-null livers experience differences in basal regulation of ER stress components such as PERK and XBP1. Interestingly, links between reduced SCD1 activity and increased ER stress have been proposed to be mediated by increased membrane lipid saturation (62) (63) (64) . Surprisingly, we found that ER stress resistance of Plin2-null animals is associated with both striking reductions in SCD1 and increased unsaturated/saturated ER membrane lipid ratio compared with WT animals, which appears to be driven primarily by substantial increases in long chain PUFA in Plin2-null mice. Thus, Plin2-null animals are protected from development of ER stress on WD likely by a combination of increased PUFA content in their membranes and by a reduction in key ER stress components.
Other Possible Pathways That Might Be Affected by Loss of PLIN2-It is also worth noting that we observed changes in other lipid-signaling pathways in addition to SREBP. We had originally hypothesized that Plin2-null livers might exhibit increased CPT1a expression that would result in increased ␤-oxidation and reduced hepatic triglycerides in these animals. However, both Ppar␣ and Cpt1a mRNA are reduced in Plin2null mice, contrary to our expectations but consistent with pre-vious findings (17) . This reduction in both Ppar␣ and Cpt1␣ gene expression suggests that Plin2-null livers perhaps do not experience a massive increase in ␤-oxidation. In fact, the data suggest they may experience less oxidation than WT animals. More study is needed to elucidate the specific effects that loss of hepatic PLIN2 has on lipid oxidation rates, and we plan to explore this in further detail.
A second potential mechanism of action that could lead to resistance of hepatic steatosis was suggested by the data from our studies. We observed a striking reduction in mRNA for both Ppar␥ and its target gene Cd36 (fatty acid translocase) in Plin2-null animals on both diets. It has previously been shown that PPAR␥ and CD36 are up-regulated in the liver during obesity, insulin resistance, and NAFLD (65, 66) . It is possible that Plin2-null animals experience decreased uptake of free fatty acids from the periphery. However, given that the WT animals were obese on WD, these animals likely experienced adipose insulin resistance (as evidenced by impaired glucose tolerance testing) and persistent increases in serum non-esterified fatty acid compared with the lean Plin2-null cohort. Therefore, reduction in hepatic CD36 in Plin2-null animals was probably counterbalanced by the fact that they experience reduced circulating non-esterified fatty acid on WD. On the control diet, it is possible that suppressed CD36 contributes significantly to the reduction in hepatic neutral lipids. Therefore, we cannot rule out that reduction of PPAR␥ and its target genes is contributing to the reduction in hepatic steatosis in livers lacking Plin2.
In conclusion, we show that whole-body loss of PLIN2 exerts a protective effect in animals exposed to long-term Western diet in part by suppressing hepatic SREBP-1 and SREBP-2 activity. Furthermore, in addition to its traditional function of promoting lipid storage, PLIN2 also functions in lipid-partitioning pathways and membrane composition. Future work will focus on whether loss of PLIN2 exerts similar effects on the SREBP family in other tissues. Additionally, more work is needed to examine how loss of PLIN2 affects hepatic lipid oxidation rates and VLDL secretion.
Experimental Procedures
Animal Housing and Feeding-All animal protocols adhered to the University of Colorado Denver Institutional Animal Care and Use Committee (IACUC) guidelines. Plin2-null mice were generated as described previously (13) . Mice were housed at the University of Colorado Anschutz Medical Campus animal facility at ambient temperatures (22-24°C) on a 14:10-h light/dark cycle. Feeding was ab libitum with free access to food and water. Mice were fed standard chow from weaning until 8 weeks upon which they were fed either control diet (Teklad TD.08485) or a Western-style diet containing elevated fat and cholesterol. (Teklad TD.88137) for 30 weeks. Lipid composition of both diets as analyzed by GC-MS can be found in supplemental Table S1 . Body weight and food intake were monitored weekly. Upon completion of the feeding experiments, the body composition of each animal was determined by quantitative magnetic resonance imaging (EchoMRI-900 Whole-body Composition Analyzer; Echo Medical Systems, Houston, TX), and mice were euthanized by CO 2 exposure and cardiac puncture. Intraperitoneal glucose tolerance testing was performed as described previously (13) . 18-Hour fasted serum FFA analy-sis was performed using a standard FFA calorimetric detection kit (ZenBio Inc.) with 5 l of serum per reaction.
Histology and Immunohistochemistry-Samples from freshly excised livers were fixed for 24 -36 h in 4% paraformaldehyde, subsequently embedded in paraffin, and sectioned as described previously. H&E staining and sectioning for histologic samples were performed by the Pathology Core at the University of Colorado Denver Anschutz Medical Campus. Immunohistochemical staining of PLIN2, PLIN3, and PLIN5 was performed as described previously (13) .
Gene Expression Analysis-RNA was extracted from liver tissue using the RNeasy Plus mini kit (Qiagen). cDNA was synthesized from 1 g of RNA using the iScript cDNA synthesis kit (Bio-Rad). qRT-PCR was performed on a Bio-Rad CFX96 instrument using SYBR green probes. qRT-PCR MasterMix was either iTaq Universal SYBR Green Supermix (Bio-Rad) or 2ϫ SYBR Green qPCR Mastermix (BioTools). All gene expression was normalized to 18S rRNA, and relative expression levels were calculated using the ⌬⌬Ct method. All primer sequences used for qRT-PCR can be found in the supplemental material (see supplemental Table S2 ).
Western Blotting Analysis-Proteins were extracted from frozen liver by bead homogenization in 0.1% Triton X-100, 150 mM NaCl, and 50 mM Tris-HCl, pH 7.4, with standard protease and phosphatase inhibitors (Thermo Pierce). The homogenate was extracted twice with 2:1 chloroform/methanol to clear triglycerides and precipitate protein. Precipitated protein pellets were washed twice with 100% methanol, dried briefly, and resuspended in 10% SDS. For Western blotting analysis, 37.5 g of protein were separated on 4 -20% Tris-glycine gels (Bio-Rad), transferred to nitrocellulose, and probed with indicated primary antibodies at 1:1000 dilution. Immunoreactive bands were detected with corresponding fluorescently labeled secondary antibodies and quantified by imaging on a Li-COR CLx instrument. Antibodies to SCD1, VDAC, LAMP1, FASN, phospho-ACC (Ser79), total ACC, phospho-AMPK␣ (Thr-172), total AMPK␣, phospho-ACLY (Ser-455), total ACLY, ATF4, phospho-PERK (Thr-980), total PERK, phospho-EIF2a (Ser-51), total EIF2a, CHOP, and XBP1 (spliced and unspliced) were purchased from Cell Signaling Technologies. Antibodies to ELOVL6, ApoB (pan), and HMGCS1 were purchased from Abcam. The antibody to ATF6 was obtained from Novus Biologicals. The antibody to PEX3 was purchased from Aviva Systems Biology. The antibody to BiP (GRP78) was obtained from Thermo Scientific. The antibody to Plin2 was obtained from Fitzgerald Industries. ␤-Actin antibodies for normalization were purchased from Abcam and Sigma.
Hepatic Lipid Analysis-Neutral lipid was analyzed as described previously (67) . Briefly, frozen liver tissue was homogenized in (v/v) Folch reagent (2:1 CHCl 3 /MeOH) containing 300 g of tritridecanoin reference standard (Nu-Check Prep Inc., Elysian, MN) by bead homogenization for two cycles of 2 min at 30 Hz. Homogenates were diluted further with Folch reagent, treated with 800 l of 0.9% sodium chloride solution, vortexed, and centrifuged at 4000 rpm for 5 min. The organic phase was removed and dried under N 2 gas. Total lipids were resuspended in 330 l of 100% chloroform and applied to HyperSep SI SPE columns (Thermo Scientific, Waltham, MA) pre-equilibrated with 15 column volumes chloroform. Neutral lipids were eluted with a total of 3 ml of chloroform, dried under N 2 , and resuspended in 1 ml of methanol containing 2.5% H 2 SO 4 . Fatty acid methyl ester (FAME) production was initiated by heating at 80°C for 1.5 h. 1 ml of HPLC-grade water was added to quench the reactions, and FAMEs/cholesterol was extracted with 200 l of hexane. A Trace 1310 GC with a TG-5MS column (Thermo Scientific, Waltham, MA) was used to separate lipids chromatographically, and lipids were analyzed with an ISQ single quadrupole mass spectrometer. Xcalibur software (Thermo Scientific) was used to calculate peak areas. Areas were normalized to the tritridecanoin reference standard and then to tissue weight.
Microsomal Membrane Isolation and Lipidomics-Microsomal membranes were isolated as described previously (68) . For isolation and subsequent lipidomic analysis, livers of 4-h fasted WT and Plin2-null mice (n ϭ 5 for each group) were excised, washed with ice-cold PBS, minced in 0.25 M sucrose containing 0.1 M potassium phosphate, pH 7.2, 1 mM EDTA, and protease inhibitors (Thermo Pierce, Inc.), and homogenized using 10 strokes of a Dounce homogenizer. Homogenates were centrifuged at 8500 ϫ g for 5 min at 4°C to obtain the post-nuclear supernatant. After removing the top layer of fat, homogenates were re-centrifuged; the supernatant below the remaining fat was diluted into the isolation buffer described above and centrifuged at 15,000 ϫ g for 20 min at 4°C to obtain the post-mitochondrial supernatant. Post-mitochondrial homogenates were overlaid with PBS and centrifuged at 15,000 ϫ g. The PBS layer containing any remaining lipid was carefully removed from the underlying homogenate containing microsomes. The microsomal fraction was then centrifuged at 125,000 ϫ g to pellet microsomal membranes. The pellets were washed twice with 12 ml of isolation buffer, resuspended in 200 l of PBS, and frozen at Ϫ80°C until analysis. Frozen microsomal membranes were extracted in Folch reagent as described above. Lipid fractions were dried under N 2 , resuspended in chloroform, and loaded onto HyperSep SPE columns (Thermo Scientific, Inc.). Neutral lipid was eluted with 3 ml of chloroform followed by 5 ml of acetone/methanol (9:1) to elute glycolipids. Phospholipids were then eluted with 3 ml of 100% methanol, dried, and subjected to FAME production and GC-MS analysis as described above. The insoluble protein pellets were washed twice with methanol, solubilized in 10% SDS, and stored at Ϫ80°C.
Statistics-Two-tailed unpaired Student's t tests and ANOVA were used to derive p values. All variance is presented as S.E. unless otherwise indicated. p Ͻ 0.05 was considered to be statistically significant. All statistical tests were performed with Prism Graphpad software.
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